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Abstract
Background: Stomatal guard cells monitor and respond to environmental and endogenous signals such that the stomatal
aperture is continually optimised for water use efficiency. A key signalling molecule produced in guard cells in response to
plant hormones, light, carbon dioxide and pathogen-derived signals is hydrogen peroxide (H2O2). The mechanisms by
which H2O2 integrates multiple signals via specific signalling pathways leading to stomatal closure is not known.
Principal Findings: Here, we identify a pathway by which H2O2, derived from endogenous and environmental stimuli, is
sensed and transduced to effect stomatal closure. Histidine kinases (HK) are part of two-component signal transduction
systems that act to integrate environmental stimuli into a cellular response via a phosphotransfer relay mechanism. There is
little known about the function of the HK AHK5 in Arabidopsis thaliana. Here we report that in addition to the predicted
cytoplasmic localisation of this protein, AHK5 also appears to co-localise to the plasma membrane. Although AHK5 is
expressed at low levels in guard cells, we identify a unique role for AHK5 in stomatal signalling. Arabidopsis mutants lacking
AHK5 show reduced stomatal closure in response to H2O2, which is reversed by complementation with the wild type gene.
Over-expression of AHK5 results in constitutively less stomatal closure. Abiotic stimuli that generate endogenous H2O2, such
as darkness, nitric oxide and the phytohormone ethylene, also show reduced stomatal closure in the ahk5 mutants.
However, ABA caused closure, dark adaptation induced H2O2 production and H2O2 induced NO synthesis in mutants.
Treatment with the bacterial pathogen associated molecular pattern (PAMP) flagellin, but not elf peptide, also exhibited
reduced stomatal closure and H2O2 generation in ahk5 mutants.
Significance: Our findings identify an integral signalling function for AHK5 that acts to integrate multiple signals via H2O2
homeostasis and is independent of ABA signalling in guard cells.
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Introduction
Plants are constantly exposed to a large multitude of environ-
mental stimuli, and under adverse conditions, are mostly able to
survive due to their ability to sense and transduce these signals into
cellular and physiological responses. Hydrogen peroxide (H2O2)i sa
form of reactive oxygen species (ROS) generated by plants via
several mechanisms, which include metabolic processes such as
respiration and photosynthesis as well as reactions to environmental
stimuli such as water deficit, high and low temperature, pollutants,
UV-B light and pathogen challenge [1]. It is now well accepted that
controlled or regulated production of H2O2 is beneficial to the plant.
H2O2 acts asa signal and/or second messenger enabling the plant to
activate physiological processes resulting in protection from and
adaptation to environmental stress [2].
H2O2 regulates a number of molecular and cellular processes in
plants ranging from gene expression, programmed cell death, cell
division, elongation growth, and stomatal closure [3]. The molecular
mechanisms by which each of these processes occurs through H2O2
signalling have not been fully clarified. Recently, several targets for
H2O2 have been identified in Arabidopsis, including protein kinases
and phosphatases [4–8]. In relation to stomatal closure and redox
signalling, the ABI1 and ABI2 members of the protein phosphatase
2C family are redox regulated in response to ABA [9,10]. Moreover,
the MAP kinase MPK3 was shown recently to be essential for both
ABA and H2O2-inhibition of stomatal opening in Arabidopsis [11].
The protein kinase OST1 regulates H2O2 production in guard cells
through signalling pathways requiring the ROS-producing NADPH
oxidase subfamily of proteins (namely, AtRBOHD and AtRBOHF
[12,13]).Thus, reversibleprotein phosphorylation appearsto be a key
PLoS ONE | www.plosone.org 1 June 2008 | Volume 3 | Issue 6 | e2491mechanism by which cellular responses to multiple stimuli are
regulated via H2O2 in guard cells and other cell types.
An alternative mechanism by which H2O2 acts on proteins is
by oxidation of Cys residues [14]. H2O2 oxidation of –SH
groups on Cys residues in proteins causes either disulfide bond
formation or the formation of sulfenic acid groups. The latter
can be sequentially oxidised to sulfinic and sulfonic acid groups
at higher concentrations of H2O2.R e v e r s a lo fo x i d a t i o no c c u r s
under reducing conditions, for example, by reduced glutathione
or thioredoxin [14]. Until recently, there was little evidence that
H2O2 a c t i o no nC y sr e s i d u e si sr e s p o n s i b l ef o rd e f i n e d
physiological responses. In recent work, we have shown that
one member of the Arabidopsis hybrid histidine kinase (HK)
family, the ethylene receptor ETR1, is a potential target for
H2O2 during stomatal closure [15]. ETR1 is required for H2O2-
mediated stomatal closure, with the Cys65 residue of ETR1
being essential. Intriguingly the HK domain of ETR1 was not
required for H2O2-induced closure [15]. In recent developments
we have also shown that ETR1 has a dual function in guard
cells, that of perceiving ethylene as well as acting as a target for
H2O2, thereby mediating downstream signalling processes to
initiate stomatal closure [16].
The hybrid HK family of receptor proteins are part of the two-
component signal perception and transduction system in plants
[17]. Perception of a signal by a hybrid HK leads to autopho-
sphorylation of a His residue in the HK domain, followed by a
phosphotransfer reaction to an Asp residue on its receiver domain.
Subsequently, a relay of the phosphoryl residue occurs to a His
residue on a histidine phosphotransfer protein (HP) followed by
phosphorylation of an Asp residue on a response regulator (RR)
protein [18]. Representative HK family members in plants are the
cytokinin and ethylene receptors [17]. However, the plant’s two-
component signalling network appears to contribute to several
other signal response pathways. For instance, recent work has
demonstrated functional cross-talk between cytokinin and light
(phytochrome B) signalling [19,20]. These overlaps in signalling
processes induced by multiple stimuli suggest that two-component
proteins are key sensors and transducers of various environmental
and endogenous signals.
One mechanism by which different signalling processes and
pathways may be integrated is via common second messenger
molecules. ROS such as H2O2 are ideal candidates for such
messenger molecules acting as focal points for cross-talk between a
wide array of signalling cascades [3]. This is evidenced by a large
overlap in the expression of genes that are regulated by ROS on
the one hand and by environmental stimuli on the other. For
example, H2O2-regulated genes are also regulated by drought,
cold, UV-B light and pathogen attack [21,22] as well as by ABA
[23]. Clearly, there exist multiple targets for H2O2 to mediate its
effects in specific cells and tissues. Functional overlap is also likely
to exist between these pathways, with certain targets acting as
integrators of multiple stimuli.
In an attempt to identify further targets for H2O2 signalling in
guard cells, the function of a least-characterised member of the
HK family in Arabidopsis, namely AHK5, was investigated. AHK5
is predicted to be the only cytoplasmic HK, with both a canonical
HK domain and receiver domain, classifying it as a hybrid HK
[17]. Our data here indicate that AHK5 also co-localises to the
plasma membrane. Recent work has identified a function for
AHK5 in counteracting the ethylene and ABA-regulated growth
response in Arabidopsis roots [24]. However its role in integrating
signalling responses to H2O2 is not known.
Using a combination of molecular genetic, cell imaging,
biochemical and physiological tools, we show that AHK5 is a
key player in H2O2 homeostasis in Arabidopsis guard cells in
response to environmental and endogenous signals, including NO,
ethylene, darkness and bacterial flagellin. Intriguingly, AHK5 does
not appear to be involved in the ABA signalling pathway in
stomata. Our data suggest a regulatory function of AHK5 that is
essential for guard cell response to abiotic and biotic environmen-
tal stimuli.
Results
Intracellular localisation and tissue-specific expression of
AHK5
AHK5 is predicted to be the only cytoplasmic HK amongst
the canonical HK class of proteins in Arabidopsis [17]. In order to
confirm this, we performed in vivo localisation studies using 35S
promoter-driven GFP fusion constructs of AHK5.I nt r a n s i e n t l y
transformed Arabidopsis protoplasts and tobacco (Nicotiana
benthamiana) leaf cells the full-length fusion protein was expressed
and was present in the cytoplasm, independent of whether the
GFP tag was fused to the N-terminus or C-terminus of AHK5
(Fig. 1A and B, and Data S1). To substantiate our cell biological
results we also performed cell fractionation experiments with
extracts from transiently transformed tobacco leaf cells express-
ing 35S:GFP-AHK5 or several GFP-marker protein fusion genes.
Whereas the ER marker ERS1-GFP [25] and the plasmalemma/
endosome marker BRI1-GFP [26] were detected in the
microsomal fraction and the cytoplasmic/nucleoplasmic marker
ARR4-GFP [19] in the soluble fraction, GFP-AHK5 was found
in both fractions (Fig. 1C). This intracellular distribution could
be substantiated by recording the wavelength-specific intensity
distribution of a cytoplasm-plasmalemma-cell wall section of
neighbouring tobacco epidermal cells co-expressing GFP-AHK5
and the red fluorescent plasmalemma marker pm-rk-CD3-1007
(Fig. 1D; [27]). Whereas pm-rk-CD3-1007 showed one distinct
peak representing the two plasmalemmata of the adjacent cells,
three peaks were observed for GFP-AHK5 (Fig. 1D). The medial
GFP-AHK5 peak showed a perfect overlay with pm-rk-CD3-
1007, whereas the other two peaks extended to the cytoplasmic
sites of the adjacent cells. Our results therefore suggest that
AHK5 is a HK that is localised both in the cytoplasm and at the
plasmalemma of plant cells.
The expression profile of AHK5 in different Arabidopsis tissues
and cell types was analysed by semi-quantitative RT-PCR. AHK5
transcript was detectable in light-grown but not in etiolated
seedlings (Fig. 2A). Furthermore, AHK5 transcript was present in
flowers, siliques and roots and to a lower extent in stems and
leaves of 30-days-old Arabidopsis plants (Fig. 2A). Increasing the
number of PCR cycles showed a detectable level of AHK5
transcript in mature leaves. As guard cells were the focus of our
study, AHK5 expression was also analysed in guard-cell enriched
samples [16]. Compared to whole leaves the AHK5 transcript
level was significantly lower in guard cells. However, AHK5
expression was increased in guard cell RNA extracted from
H2O2-treated leaves (Fig. 2A), suggesting that AHK5 might have
af u n c t i o ni nH 2O2 signalling in guard cells. The guard cell
expression of AHK5 was confirmed by creating an AHK5
promoter-GFP-AHK5 genomic construct (PAHK5:GFP-AHK5)
and transiently expressing this in tobacco leaves. As shown in
Fig. 2B and comparable to our RT-PCR results, GFP
f l u o r e s c e n c ew a sd e t e c t e di ng u a r dc e l l sa sw e l la si ne p i d e r m a l
cells indicating that the AHK5 promoter is active in stomata. Our
expression data therefore correlate well with the expression
profile of AHK5 observed in the AtGenExpress developmental
data set [28] and adds to that reported earlier [24].
AHK5 Function in Guard Cells
PLoS ONE | www.plosone.org 2 June 2008 | Volume 3 | Issue 6 | e2491Figure 1. Subcellular localisation of AHK5 in plant cells. (A) Confocal images of Arabidopsis protoplasts and tobacco (Nicotiana benthamiana)
leaf cells transiently transformed with a construct expressing P35S:GFP-AHK5 cDNA. Left panel, GFP fluorescence; right panel, bright field image. The
bars represent 10 mm. (B) Western blot showing the expression of full-length GFP-AHK5 in transiently transformed tobacco leaf cells using anti-GFP
antibody. Lane 1, protein standard; lane 2, extracts from cells transformed with a P35S-GFP-AHK5 construct; lane 3, extracts from cells transformed with
the empty vector. (C) Cell fractionation of transiently transformed tobacco leaf cells expressing either GFP-AHK5, the microsomal marker BRI-GFP, the
ER marker ERS1-GFP or the soluble marker ARR4-GFP.Two days after the infiltration of the Agrobacteria the leaf tissue was harvested and total protein
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insertion mutants
The functional characterisation of AHK5 was initiated by the
isolation and molecular characterization of Arabidopsis ahk5 T-
DNA insertion lines. Two independent ahk5 alleles were found,
one in the INRA-Versailles T-DNA collection (ahk5-3 in Ws4
background; [29]) and one in the Syngenta SAIL T-DNA
collection (ahk5-1 in Col-0 background; [30]), respectively. Plants
homozygous for the insertion events were identified by PCR on
genomic DNA, and the positions of the T-DNA insertions
confirmed by sequencing. As shown in Fig. 2C the T-DNA of
ahk5-3 is located in an intron within the predicted HK domain,
whereas in ahk5-1 the T-DNA is inserted in a 39 exon which
encodes a part of the AHK5 receiver domain. The T-DNA
insertions did not appear to cause any other changes within the
AHK5 sequence. In addition, the presence of a single T-DNA
insertion event in each line was verified by Southern blotting (Data
S1). Semi-quantitative RT-PCR was used to determine the level of
expression of AHK5 in the homozygous lines. Fig. 2D shows that
across the T-DNA borders there was no amplification of an AHK5
transcript. Further extensive PCR using different primer pair
combinations (of those shown in Fig. 2C) confirmed that no full-
length transcript of AHK5 was present in the mutant lines (Data
S1). Therefore a fully functional AHK5 is unlikely to be expressed
in ahk5-1 and ahk5-3.
For complementation and functional analyses ahk5-1 and ahk5-3
were transformed with a construct expressing the full-length GFP-
AHK5 or AHK5-TAP fusion construct respectively under the
control of the 35S promoter. In addition, AHK5 was ectopically
expressed in the Ws4 wild type background (Fig. 2D). RT-PCR
confirmed that the transformed ahk5 mutants and wild type
expressed AHK5 to high levels (Fig. 2D).
A functional AHK5 HK is required for H2O2 responses in
stomatal guard cells
Initially, a pharmacological approach was used to establish
whether HK activity is required for H2O2 -induced stomatal closure.
Arabidopsis wild type (Col-0) leaves were pre-treated with the inhibitor
3,39,49,5-tetrachlorosalicylanilide(TCSA)[31],followedbyexposure
to H2O2 and stomatal apertures measured. TCSA inhibited H2O2-
induced closure in a dose-dependent manner (Fig. 3), thereby
suggesting that HK activity is indeed required for H2O2 signalling to
occur in guard cells leading to stomatal closure.
Regulation of AHK5 expression in guard cells by H2O2 led us to
investigate whether AHK5 function is necessary for the response
of guard cells to exogenous H2O2 by performing stomatal
bioassays. Compared to wild type, guard cells of ahk5-1 and
ahk5-3 were dramatically less sensitive to H2O2 at various
concentrations (Fig. 4 A, B). The sensitivity of both mutant lines
to H2O2 was restored by the expression of the wild type AHK5
cDNA under the control of the 35S promoter (Fig. 4C) showing
that the GFP-AHK5 fusion protein used for the localisation studies
is functional in planta. These data also demonstrate that loss of
AHK5 gene function causes the H2O2-insensitive mutant pheno-
type and that AHK5 is required for stomatal response to
exogenous H2O2. Interestingly, ectopic expression of AHK5 in
wild type background resulted in slightly smaller stomatal
apertures compared to wild type Ws4 in the absence of H2O2
(Fig. 4C, right columns). This suggests that the guard cells of the
AHK5 overexpressor are more sensitive to endogenous H2O2.
However, we observed a response of the overexpressor to
exogenous H2O2 suggesting that ectopic accumulation of AHK5
per se does not significantly alter the plant’s sensitivity to H2O2.
Stomatal responses to NO, ethylene and darkness are
impaired in ahk5 mutants
The insensitivity of ahk5 mutant guard cells to H2O2 suggests
that AHK5 could be an essential signalling component in the
stomatal closure response of Arabidopsis to various stimuli.
Recently, we have shown that H2O2 induces the generation of
NO in the response of guard cells to ABA [32]. If AHK5 is acting
downstream of H2O2, the response to NO might also be affected
in the ahk5 mutants. As shown in Fig. 5A, ahk5-1 and ahk5-3
stomata showed a reduced sensitivity to the NO donor sodium
nitroprusside (SNP). The NO insensitive phenotype of the ahk5
mutants was functionally complemented by the wild type GFP-
AHK5 construct (Fig. S1). In addition, experiments with TCSA
showed that NO-induced closure required HK activity (Fig. S2).
These results indicate a function for AHK5 in both the H2O2 and
NO response pathway in Arabidopsis guard cells. In contrast, the
sensitivity of both mutants to ABA was not changed appreciably
(Fig. 5A) suggesting the possibility that stimuli other than ABA
lead to H2O2 and NO generation which might act via AHK5, and
that ABA signalling occurs largely independent of AHK5.
In our previous work we demonstrated that pea guard cells
exposed to darkness generate H2O2 [33]. Our pharmacological
data revealed that pre-treatment with TCSA inhibited dark-
induced stomatal closure, suggesting a requirement for HK
activity in this response (Fig. S2). To investigate the role of
AHK5 in dark-induced stomatal closure, the response of ahk5
mutants to dark conditions were examined. As shown in Fig. 5A,
detached leaves of both the ahk5-1 and ahk5-3 mutants showed
reduced stomatal closure in response to dark conditions, with
stomata of ahk5-1 responding slightly to dark conditions. The
experiments were also performed with non-detached leaves.
Whilst the stomata of wild type and ahk5-1 plants were open
30 min prior to transfer to darkness, the light-off conditions
induced stomatal closure only in the wild type but not in the
mutant (Fig. 5B). These data indicate that AHK5 function also
contributes to the dark-induced stomatal closure response in
Arabidopsis.
We have shown previously that ethylene perceived by the
ethylene receptor ETR1 (a hybrid HK) also induces stomatal
closure via H2O2 synthesis [16]. Furthermore, a functional ETR1
receptor is required to mediate H2O2-induced stomatal closure
[15]. Experiments with TCSA showed that HK activity is required
for ethylene-induced stomatal closure (Fig. S2). We therefore
investigated the effect of ethylene on ahk5-1 and ahk5-3 guard cells.
Treatment with the ethylene-generating compound ethephon
induced a stomatal closure response in wild type but not in ahk5
extracted. The microsomal fraction (M) and the soluble fraction (S) were separated by ultracentrifugation. Equal cell equivalents were loaded per lane.
(D) Fluorescence intensity images (upper panel) and the corresponding intensity profiles (lower diagram) of the indicated plasmalemma-cell wall
section (blue bar in the magnification) of two adjacent, transiently transformed tobacco leaf cells co-expressing GFP-AHK5 (green dots) and the
plasma membrane marker pm-rk-CD3-1007 (red dots). The red line represents the mono-peak Gauss fit of RFP fluorescence and the green line the
multi-peak Gauss fit of GFP fluorescence (green). The single fits which compose the multi-peak Gauss fit of GFP, are shown in black.
doi:10.1371/journal.pone.0002491.g001
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PLoS ONE | www.plosone.org 4 June 2008 | Volume 3 | Issue 6 | e2491Figure 2. Expression pattern of AHK5 and characterisation of the T-DNA insertion sites in ahk5-1 and ahk5-3. (A) Steady-state levels of
AHK5 transcript in different tissues and developmental stages of Arabidopsis detected by semi-quantitative RT-PCR using different cycle numbers. For
the detection of AHK5, up to 40 cycles of PCR were performed using primers 3 and 10 (left panel) or primers 8 and 9 and 40 cycles of PCR (right panel).
GC, cDNA from guard cell-enriched non-treated leaf sample; GC+H, cDNA from guard cell-enriched leaf samples treated with 0.5 mM H2O2 for 2 h;
WL, cDNA from whole-leaf sample. ACTIN and EF1 were used as controls. Primer numbers indicated in panel C. (B) Expression of a PAHK5-GFP-
AHK5genomic construct in transiently transformed tobacco leaf cells. Agrobacteria carrying the PAHK5-GFP-AHK5 construct were infiltrated into the
abaxial side of the leaf and the GFP fluorescence analysed by CLSM 2 days later. Top panels = GFP images, lower panels = GFP image overlaying
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PLoS ONE | www.plosone.org 5 June 2008 | Volume 3 | Issue 6 | e2491guard cells. The sensitivity to ethylene could be restored when the
GFP- and TAP-tagged AHK5 fusion constructs were expressed in
the ahk5 mutants under the control of the 35S promoter (Fig. 5C).
These data show that ethylene induces stomatal closure via AHK5
function.
The data so far indicate that AHK5 function is required for
H2O2, NO, darkness and ethylene-induced stomatal closure, but
not for ABA-induced closure. To establish if AHK5 might be
regulating redox homeostasis in response to these stimuli, the
generation of both H2O2 and NO were measured in guard cells.
Whilst the source of H2O2 in Arabidopsis guard cells has been
established as AtrbohD and F for ABA [13], and AtrbohF for
ethylene [16], it is not known how darkness induces H2O2.
Figure 6A shows that guard cells of the atrbohD/F NADPH oxidase
double mutant did not produce H2O2 nor close their stomata after
transfer into darkness, thereby demonstrating that these homologs
regulate dark-induced H2O2 synthesis in Arabidopsis guard cells.
Interestingly, ahk5 guard cells did generate H2O2 following dark
adaptation of leaves as in wild type (Fig. 6B), thereby suggesting
that AHK5, although involved in dark-induced stomatal closure, is
not involved in regulating dark-mediated H2O2 synthesis.
H2O2 can also induce NO synthesis in the ABA signal
transduction pathway in guard cells [32]. Although ahk5 mutants
do not respond to either H2O2 or NO (Fig. 4 and 5A), H2O2
induced NO synthesis in both mutant alleles (Fig. 6C), thereby
positioning AHK5 downstream of H2O2 and NO in the signal
response pathway. In addition, ethylene-induced H2O2 produc-
tion was investigated in ahk5-1. Upon treatment with ethephon we
observed a strong increase in H2O2-fluorescence in wild type
guard cells (Fig. 7D). In contrast, ethylene caused a decrease of
H2O2 levels in ahk5-1 in comparison to that of the mock-treated
control (Fig. 7D). These data demonstrate that AHK5 contributes
to both, the ethylene-induced H2O2 production and stomatal
closure response in Arabidopsis. However, ABA induced H2O2
synthesis in ahk5 mutant, as in wild type guard cells (25% increase
over controls; Data S1).
In summary so far, the data presented show that darkness-
induced H2O2 synthesis, which is generated by ATRBOHD/F,
signals through AHK5 to mediate stomatal closure, and that
AHK5 is positioned downstream of H2O2 and NO in the signal
response pathway. Moreover, AHK5 regulates ethylene-induced
H2O2 synthesis leading to stomatal closure, but is not involved in
the ABA signal transduction pathway.
Stomatal responses to PAMPs are impaired in the ahk5
mutants
Bacteria-derived pathogen-associated molecular patterns
(PAMPs) such as flagellin and EF-Tu have been shown to induce
the synthesis of ethylene [34] and an oxidative burst in Arabidopsis
leaves, which is mediated by ATRBOHD [35]. Furthermore,
recent work by Melotto and colleagues (2006) demonstrated that
stomata act as sites of entry for bacteria, and that bacteria and
bacteria-derived PAMPs caused a primary stomatal closure
response followed by a re-opening, when the plant was attacked
by a virulent bacterium [36].
Experiments with the Pseudomonas syringae strains pv DC3000 and
the hrpA
2 mutant, which lacks a functional type III secretory
apparatus, revealed that ahk5-1 mutant guard cells showed
reduced stomatal closure in response to both bacterial strains
(Fig. 7A). The reduced stomatal closure response to the hrpA
2
mutant strain suggests that AHK5 is involved in the basal defence
of Arabidopsis, which is mediated by PAMPs such as the flagellin
peptide 22 (flg22) and the EF-Tu peptide 26 (elf26; [37]).
Flagellin-induced stomatal closure in wild type plants was
inhibited by pre-treatment with TCSA (Fig. S2), indicating a
requirement for HK activity to mediate this response. To
investigate this in more detail, leaves of the ahk5-1 mutant (Col-
0 background) were exposed to flg22 and the stomatal apertures
measured. The response to flg22 was not investigated in the ahk5-3
mutant as the Ws background lacks a functional FLS2 receptor
[38]. As reported [36], flg22 induced stomatal closure in Col-0
wild type guard cells (Fig. 7B). This response was not observed in
the ahk5-1 mutant. The loss-of-function phenotype of ahk5-1 was
complemented by the expression of the GFP-AHK5 fusion
construct, which is under the control of the 35S promoter
(Fig. 7B). Interestingly, elf26 caused an identical stomatal closure
response in wild type (Col-0, Ws4) as well as in the ahk5-1 and
ahk5-3 mutants (Fig. 7C). These data suggest that AHK5 plays a
specific role in the flagellin signal response pathway in guard cells.
PAMP-induced H2O2 production was also investigated to study
the role of AHK5 in redox homeostasis during basal defence.
Interestingly, whereas elf26 caused an identical increase in H2O2
fluorescence in guard cells of wild type and ahk5-1, treatment with
flg22 actually caused a decrease in H2O2 fluorescence in ahk5-1,
when compared with that of the mock-treated control (Fig. 7D).
Therefore AHK5 appears to play a role in both the flg22-induced
regulation of H2O2 production and stomatal closure.
Discussion
An AHK5-dependent signalling pathway acts in stomatal
guard cells
We have characterised the canonical HK AHK5 as being a
cytoplasmic/membrane protein differentially expressed in various
tissues of Arabidopsis. Despite the predicted cytoplasmic location
bright field image. The scale bar represents 20 mm. Images shown from repeat experiments. (C) AHK5 gene structure, position of primers used for
genomic and RT-PCR and T-DNA insertions in ahk5-1 (Col-0) and ahk5-3 (Ws4). (D) Analysis of AHK5 expression in seedlings of wild type, ahk5-1 and
ahk5-3 mutant, P35S-AHK5 complemented and AHK5 over-expressing plants using the indicated primer pairs (see Supplementary data for sequences).
doi:10.1371/journal.pone.0002491.g002
Figure 3. HK activity is required for H2O2-induced stomatal
closure. Effect of the histidine kinase (HK) inhibitor 3,39,49,5-
tetrachlorosalicylanilide on H2O2-induced stomatal closure in wild type
Arabidopsis (Col-0). Arabidopsis leaves were incubated in stomatal
opening buffer for 2.5 h followed by treatment for 15 min with 0.1, 1, 5
or 10 mM of TCSA prior to exposure to 200 mMH 2O2 (H) for 2.5 h.
Control, buffer alone. TCSA, buffer with TCSA alone at 10 mM. Data are
expressed as mean +/2 S.E. from 3 independent experiments (n=60–
80 guard cells).
doi:10.1371/journal.pone.0002491.g003
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PLoS ONE | www.plosone.org 6 June 2008 | Volume 3 | Issue 6 | e2491Figure 4. ahk5 mutant guard cells show reduced sensitivity to H2O2. (A) Stomatal closure in wild type Col-0 (white bars) and ahk5-1 (black
bars) leaves 2.5 h after exposure to increasing concentrations of H2O2. (B) Stomatal closure in wild type Ws4 (white bars) and ahk5-3 (black bars)
leaves 2.5 h after exposure to increasing concentrations of H2O2. (C) Stomatal closure in leaves of wild type (Ws4, Col-0), ahk5-3 and ahk5-1 as well as
in the ahk5 mutants and wild type (Ws4) transformed with a construct expressing the AHK5 cDNA under the control of the 35S promoter (P35S-AHK5).
The leaves were either mock-treated (white bars) or exposed to or 100 mMH 2O2 (black bars). Data are expressed as mean +/2 S.E. derived from
measuring the apertures of at least 60 guard cells from 3 independent experiments.
doi:10.1371/journal.pone.0002491.g004
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PLoS ONE | www.plosone.org 7 June 2008 | Volume 3 | Issue 6 | e2491Figure 5. Guard cells of ahk5 mutants show an altered response to NO, ethylene and darkness. (A) Stomatal closure in wild type (Col-0,
Ws4), ahk5-3 and ahk5-1 in response to buffer (white bars), 50 mM sodium nitroprusside, (SNP, black bars), 10 mM abscisic acid (ABA, grey bars) and
2.5 h exposure to darkness (striped bars). Data from ahk5-1 dark treatment are statistically significant (Student’s t-test; p,0.05) versus dark treatment
AHK5 Function in Guard Cells
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sequence, our data suggest that AHK5 co-localises at the
plasmalemma as well. Interestingly, putative N-myristoylation
sites are predicted for AHK5, suggesting that an association of
AHK5 to the plasmalemma is possible. In addition, we cannot
exclude the possibility that the interaction with intrinsic membrane
proteins including other HKs locates AHK5 to the plasmalemma.
Expression of AHK5 appears to be regulated by H2O2 in guard
cells. In addition, we have shown using functional approaches that
AHK5 plays a crucial role in mediating H2O2-dependent
processes in stomatal guard cells which are induced by
environmental and hormonal signals such as NO, ethylene,
adaptation to darkness and the PAMP flagellin (flg22). Despite
its low level of expression, mutations in the AHK5 gene appear to
have profound effects on the guard cell phenotype. The pattern of
low expression of a gene in guard cells still resulting in distinct
stomatal phenotypes has been observed before – e.g. the nitric
oxide (NO)-generating enzyme nitrate reductase (NR). There are
two NR genes, NR1 and NR2, in the Arabidopsis genome. Although
NR1 is expressed at much lower levels than NR2 in guard cells,
mutations in NR1 but not NR2 appear to affect ABA-induced NO
responses in stomata [39]. Although cis elements found in the
promoters of guard cell specific genes [40] are present in the
promoter region of AHK5, it is possible that other cis elements
which repress promoter activity in guard cells cause the weak
expression pattern, as seen with other guard cell genes [41]. It is
also likely that phenotypic effects may be explained by specific
protein-protein interactions between a low-expressed protein in
guard cells and other proteins of higher abundance. Preliminary
data show that expression of the phosphotransfer protein AHP2
and the response regulator ARR4 that AHK5 interact with are of
higher abundance than AHK5 in guard cells (Data S1). Further
studies will analyse the functions of AHK5 promoter, as well as
studying the protein interacting two-component partners of
AHK5.
AHK5 functions as integrator of H2O2- dependent
signalling in stomatal guard cells
A lack of functional AHK5 results in altered stomatal responses
not only to exogenous H2O2 but also to multiple stimuli which are
known to generate H2O2 in plant tissues. These signals include
ethylene [16], the light-off signal (darkness; data shown here and
[33]) and the PAMP flg22 [35].
Previously we provided evidence for a role for the plant
hormone ethylene in mediating stomatal closure via H2O2
signalling [16]. Although the HK function of ETR1 is not
required for H2O2 signalling, the N-terminus of ETR1 appears to
be essential for this signalling to occur in guard cells [15]. The
pharmacological data presented here with TCSA indicate that HK
activity is required for H2O2 (and NO)-induced stomatal closure in
Arabidopsis. As ethylene is able to produce H2O2 in wild type guard
cells [16], and as shown here, AHK5 is also involved in ethylene-
dependent signalling leading to H2O2 synthesis and stomatal
closure, it is possible that the ethylene-sensing N-terminus of
ETR1 functionally and/or physically interacts with H2O2-
activated AHK5 during ethylene signal transduction in guard
cells. This is in agreement with recent work by Iwama et al. [24],
who demonstrated a functional interaction of AHK5 with the
ethylene and ABA response in the control of root growth in
Arabidopsis. The authors propose an ‘‘unidentified’’ stimulus as
being sensed by AHK5, which could integrate the ABA and
ethylene signalling pathways in roots. On the basis of our data it is
likely that this unknown stimulus for AHK5 is H2O2, although the
ahk5 phenotype in roots in response to H2O2 remains to be
determined.
Synthesis of H2O2 upon transfer of plants to darkness was found
to depend on NADPH oxidase orthologues in pea [33]. By using
an atrbohD/F double mutant we demonstrate here that dark-
induced H2O2 formation occurs by a similar mechanism in
Arabidopsis. We also show that ahk5 mutants do not close their
stomata in response to darkness. This is substantiated by the
pharmacological data showing inhibition by TCSA, of dark-
induced closure in wild type Arabidopsis. Stomata of the H2O2-
insensitive etr1-1 mutant still respond to darkness (Data S1),
suggesting the possibility that as far as HKs are concerned, AHK5
might have a unique role in the dark-H2O2 signalling pathway in
guard cells. Although of fundamental physiological and ecological
relevance, little is known of the dark-induced signalling processes
leading to stomatal closure. The type 2C protein phosphatases
ABI1 and ABI2 [42], the outward potassium channel GORK [43]
and the MYB transcription factor AtMYB61 [44] have functions
in guard cell responses in the dark. However, the mechanism by
which AHK5-dependent phosphorelay is linked to proteins such as
ABI1, 2, GORK and AtMYB61 in the guard cell signalling
network is not yet known.
AHK5 also appears to be essential for mediating flagellin- (flg22)
induced stomatal closure in the Col-0 ecotype, again correlating
with the TCSA data demonstrating inhibition of flg22-induced
stomatal closure. Surprisingly, the AHK5-mediated response
seems to be specific for flg22 because the mutants showed a wild
type stomatal closure response to the PAMP elf26. This is
unexpected because the signalling cascades of flg22 and elf26
overlap considerably in non-guard cell tissue in respect to ethylene
and H2O2 production, alkalinisation, activation of MAPKs and
changes in gene expression [34,37]. However, as noted recently,
there are likely to be differences between guard cells and
mesophyll cells mediating pre- and post-invasive immunity [45].
Recent work by Melotto et al. [36] indicates that bacterial PAMPs
such as flagellin induce stomatal closure in Arabidopsis. Our data,
therefore, position AHK5 in a signal transduction cascade specific
to flagellin in guard cells. The exact mechanism by which AHK5
interacts with this pathway remains to be determined, but it is
likely that the interaction occurs with the flg22 receptor FLS2. It is
interesting to note that the expression of FLS2 is abundant in
guard cells [46]. Given that FLS2 is a plasmalemma-bound and
AHK5 is likely to be located at the plasma membrane as well as
the cytoplasm, one may speculate that both receptors could
physically interact at the plasma membrane allowing AHK5 to
perceive high local H2O2 concentrations induced by the flg22-
activated FLS2/BAK1 receptor complex [47,48]. Importantly,
flg22 but not elf26 was unable to induce H2O2 accumulation in
ahk5 mutant guard cells. Thus, AHK5 also appears to contribute
of wt, and data from ahk5 ABA treatment are statistically significant (p,0.05) versus controls. (B) Guard cell response in plant-attached leaves in light
and after transfer to darkness. Stomatal apertures were measured from wild type (Col-0) or ahk5-1 leaves either 30 min prior to light off (white bars)
or 1 h after transfer to darkness (black bars). Data are expressed as mean +/2 S.E. from 3 independent experiments (n=60 guard cells). (C) Stomatal
closure response to ethylene in guard cells of wild type (Col-0, Ws4), ahk5-1, ahk5-3 and ahk5 mutants transformed with the P35S-AHK5 construct.
White bars, mock-treated; black bars, 3 h treatment with 100 mM ethephon. Data are expressed as mean +/2 S.E. from 3 independent experiments
(n=60 guard cells).
doi:10.1371/journal.pone.0002491.g005
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PLoS ONE | www.plosone.org 9 June 2008 | Volume 3 | Issue 6 | e2491Figure 6. Regulation of H2O2 homeostasis by AHK5. (A) Stomatal responses to darkness in wild type (Col-0) and the atrbohD/F mutant. White
bars, stomatal apertures of guard cells from leaves exposed to light (light) or transferred to darkness for 2 h (dark). Black bars, H2O2 fluorescence
determined by confocal microscopy from epidermal peels exposed to light (light) or transferred to darkness for 30 min (dark). Data are expressed as
mean +/2 S.E. (n=60 guard cells for aperture measurements; n=40–80 guard cells for average H2O2 fluorescence from confocal experiments). (B)
Darkness-induced H2O2 synthesis in wild type (Ws4) and ahk5-3 mutant guard cells. H2O2 fluorescence from epidermal peels exposed to ambient
light (white bars) or darkness (black bars) for 30 min was determined by confocal microscopy using the H2O2-sensitive fluorescent dye H2-DCFDA.
Data are expressed as mean +/2 S.E. (n=40–80 guard cells for each treatment). (C) H2O2-induced NO fluorescence from guard cells of wild type and
ahk5 mutants using confocal microscopy and the NO-sensitive fluorescent dye DAF2-DA. White bars, mock-treated; black bars, 15 min treatment with
100 mMH 2O2. Data are expressed as mean +/2 S.E. (n=75–130 guard cells for each treatment.
doi:10.1371/journal.pone.0002491.g006
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PLoS ONE | www.plosone.org 10 June 2008 | Volume 3 | Issue 6 | e2491Figure 7. Guard cells of ahk5 mutant show a differential response to PAMPs. (A) Stomatal aperture of wild type (Col-0) and ahk5-1 3 h after
exposure to P. syringae pv. DC3000 (black bars) or hrpA
2 mutant (grey bars). White bars, mock-treatment. (MgCl2). (B) Stomatal closure of wild type
(Col-0), ahk5-1 and ahk5-1 transformed with a P35S-AHK5 construct after a 3 h treatment with either buffer (white bars) or 10 nM flg22 peptide (flg22,
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below for detailed discussion). This also implies that an additional
H2O2 sensor is required for the perception of the H2O2 signal
derived from the EF-Tu/EFR receptor complex.
As demonstrated by the wild type behaviour of both ahk5
mutants to ABA, the AHK5-dependent signalling pathway does
not contribute to the ABA response pathway in guard cells. This is
not entirely surprising, as we have previously observed that
mutants of ETR1 also respond normally to ABA [16]. Although
ABA signalling requires the synthesis and action of H2O2 [13], our
data indicate that this function is independent of AHK5.
The complexity of redox signalling in stomatal guard
cells
Redox signalling in guard cells is likely to be regulated via a
number of signalling pathways. This may be because of the nature
of H2O2 as such, being able to diffuse freely between cellular
compartments, and also due to the fact that H2O2 is likely to be
generated in localised ‘‘hot spots’’ within the cell, thereby leading
to localised effects of H2O2 on its target proteins [2]. Generation of
H2O2 in guard cells in response to ABA and darkness occurs via
the NADPH oxidase orthologues ATRBOHD and ATRBOHF
([13] and this study). ATRBOHF is essential for H2O2 generation
in response to ethylene and ETR1 functions as a central mediator
of H2O2 responses [16]. In leaves, flg22-induced H2O2 production
occurs via ATRBOHD [35]. RBOH proteins are localised at the
plasma membrane [49], and the proteins involved in H2O2
signalling are located at the ER (ETR1; [25,50]), plasma
membrane (AHK5, FLS2, [51]) or in the cytosol (AHK5). We
have observed that AHK5 function is crucial for ethylene and
flg22-induced but not for darkness or elf26-induced H2O2
accumulation. Further work using ahk5 plants crossed with atrboh
mutants is required to confirm how AHK5 and RBOH signalling
interact. However, AHK5 transcript appears to be regulated by
H2O2 in guard cells, and AHK5 function is essential for H2O2 and
NO-dependent signal transduction. Together, the data suggest
that AHK5 acts to maintain H2O2/redox homeostasis in guard
cells in response to multiple stimuli. A positive feedback loop is
possible, whereby H2O2, generated via different stimuli (from
RBOH), regulates AHK5 expression (or activity), which in turn
regulates H2O2 synthesis (for ethylene and flagellin pathways) and
action leading to stomatal closure. Regulation of the expression of
HKs by the stimulus that induces their activity is not uncommon –
expression of the cytokinin receptor CRE1 and ethylene receptors
is regulated by cytokinin and ethylene treatments, respectively
[22]. Detailed investigations are necessary to elucidate the
molecular mechanisms of redox regulation of AHK5, via mass
spectrometry of the purified protein.
The dual function of AHK5, in regulating H2O2 synthesis and
action is reminiscent of the role of ETR1, which we have shown
previously to have a dual function in guard cells, that of perceiving
ethylene as well as H2O2 [16]. AHK5 could therefore have
multiple functions as well: firstly, AHK5 may contribute to the
flagellin- and ethylene-induced H2O2 accumulation and, secondly,
may sense H2O2 produced in the course of the ethylene-, NO-,
flg22- and darkness-regulated stomatal closure response. Our
evidence that AHK5 plays a role in the inducible accumulation of
H2O2 comes from our observation that the H2O2 level is
decreased in ahk5-1 guard cells upon treatment with ethylene or
flg22. It is not yet known whether AHK5 interacts with receptors
such as ETR1 or FLS2, H2O2-generating enzymes such as
ATRBOHD/F and redox-active proteins such as ATGPX3, ABI1
and ABI2 which are located in distinct sub-cellular compartments
[9,10,52] or whether AHK5 co-ordinates their functions to
integrate H2O2 signalling. However, our study provides evidence
that AHK5 acts to integrate multiple H2O2-dependent processes
at different molecular levels.
Summary and concluding remarks
We have shown that AHK5 functions in guard cells to mediate
stomatal responses to various stimuli that generate H2O2.
Evidence is slowly emerging that implicate overlapping signalling
pathways during abiotic and biotic stress responses in plants,
which include hormone signalling, ROS signalling and protein
phosphorylation [22,53]. Our data position AHK5 both upstream
and downstream of ROS in integrating bacterial, darkness and
hormonal-induced responses which could be achieved by
differential protein-protein interactions. This is the first demon-
stration of a role for a HK two-component signalling pathway in
integrating abiotic and biotic signals. Moreover, it is the first
identification of a HK mediating H2O2 homeostasis to integrate
multiple stress responses in guard cells. The data presented here
highlight the mechanism and function of the AHK5 two-
component signal transduction pathway in stomata, which are
ideal model systems to study integration of multiple stimuli.
Materials and Methods
Growth and maintenance of plants
Wild type and mutant seeds of Arabidopsis thaliana ecotype
Columbia (Col-0) and Wassilewskijia (Ws4) were sown on
Levington’s F2 compost and grown under a 16 h photoperiod
(100–150 mEm
22 s
21), 22uC and 65% relative humidity in
controlled environment growth chambers (Sanyo Gallenkamp,
UK). atrbohD/F seeds were obtained from J Jones (Sainsbury
Laboratory, Norwich, UK).]. Details of the T-DNA insertion lines
in AHK5 are as follows: ahk5-1 mutant seeds (SAIL 50_H11) were
originally obtained from Syngenta (SAIL collection, now available
at ABRC/NASC), and the ahk5-3 seeds (FLAG_271G11) were
obtained from the INRA/FLAG-FST collection at Versailles
[29,30].
Stomatal bioassays
Stomatal assays were performed on leaves essentially as
described in [15]. Leaves were floated for 2.5 h under continuous
illumination (100–150 mEm
22 s
21) in Mes/KCl buffer (5 mM
KCl/10 mM Mes/50 mM CaCl2, pH 6.15). Once the stomata
were fully open, leaves were treated with various compounds for a
further 2.5 h. The leaves were subsequently homogenised
individually in a Waring blender for 30 s and the epidermal
fragments collected on a 100 mm nylon mesh (SpectraMesh, BDH-
Merck, UK). Stomatal apertures from epidermal fragments were
then measured using a calibrated light microscope attached to an
imaging system (Leica QWin software, Leica, UK). Flg22 and
black bars). (C) Stomatal closure of wild type (Col-0, Ws4), ahk5-1 and ahk5-3 in response to a 3 h treatment with buffer (white bars) or 1 mM elf26
peptide (elf26, black bars). Data are expressed as mean +/2 S.E. from 3 independent experiments (n=60 guard cells), p,0.05 (student’s t-test) versus
appropriate controls. (D) H2O2 fluorescence from epidermal peels of wild type (Col-0, white bars) and ahk5-1 (black bars) treated for 15 min with 10
nM flg22, 1 mM elf26 or for 30 min with 100 mM ethephon. Fluorescence intensity was quantified as described in methods. Data are expressed as
relative fluorescence (% control values) +/2 S.E. (n=90–122 guard cells for each treatment).
doi:10.1371/journal.pone.0002491.g007
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London). Elicitors were added to the incubation buffer at 2.5 h
and stomatal apertures measured after a further 3 h.
For bacterial experiments, Pseudomonas syringae pv DC3000 or P.
syringae hrpA
2 mutant were grown overnight in LB media and
overnight cultures centrifuged, resuspended in 10 mM MgCl2 at
an OD600=0.2 (equivalent to 2610
8 cfu/ml). Silwet (0.002% v/v)
was added to cultures or MgCl2 to act as a wetting agent. Bacteria
were gently coated onto the abaxial side of leaves on intact plants
(controls were MgCl2 with Silwet alone). Plants were left in the
growth chambers with a covered lid (to increase humidity) for 3 h,
inoculated leaves subsequently detached and stomatal apertures
measured.
Measurement of H2O2 and NO using confocal/fluorescent
microscopy
Epidermal peels from mature leaves, prepared as described
above, were incubated in Mes/KCl buffer for 2–3 h. Following
this, the fragments were loaded by incubation in 50 mM of the
H2O2-sensitive fluorescent dye 29,79-dichlorodihydrofluorescein
diacetate (H2DCFDA, Molecular Probes, Leiden, The Nether-
lands) for 10 min. After washing in fresh buffer for a further
20 min, the fragments were challenged with various compounds as
indicated in the figure legends. For dark treatments the peels were
incubated in darkness for 30 min and microscopy performed.
Confocal laser scanning microscopy was used to visualise
fluorescence, using an excitation wavelength of 488 nm and an
emission wavelength of 515–560 nm (Nikon PCM2000, Nikon
Europe B.V. Badhoewvedorp, The Netherlands). Images were
acquired and analysed using Scion Image software (Scion Corp.,
USA) to measure the relative fluorescence intensities in the cells
following various treatments. For the data in Figure 7D,
fluorescent microscopy (Zeiss Axioskop2, Zeiss, UK) was used
with filter set 10 (excitation filter BP 450–490 nm, beam splitter
FT 510 nm and emission filter BP 515–565 nm). Images were
acquired and analysed using Image J software (NIH, USA). Data
represent fluorescence intensities expressed as average fluores-
cence or as a percent of the control values, from several guard cells
analysed in different experiments. For NO fluorescence, epidermal
peels were loaded with 10 mM of the NO-sensitive dye
diaminofluorescein diacetate (DAF2-DA, Calbiochem, UK) using
exactly the same dye loading procedure, and images acquired
using confocal microscopy as described above.
Cloning, expression analysis of AHK5 and characterisation
of T-DNA mutants
The AHK5 Entry clone was constructed using Gateway
TM
technology (Invitrogen, UK). It was obtained through TOPO-
reaction using the pENTR/D-TOPO vector (Invitrogen). PCR was
performed using Phusion
TM polymerase (Finnzymes, UK) and
cDNA from Arabidopsis roots as template. Primers were as follow:
59-CACC-ATGGAGACTGATCAGATTGAGGAA-39, 59-GTGC-
AAATACTGTTGCAAACACTCTC-39. The AHK5 Entry clone
was verified via restriction analysis and sequencing (GATC Biotech).
The construct for the expression of the GFP fusion proteins under
the control of 35S promoter (P35S::GFP:AHK5) was cloned via LR-
reaction into the destination vector pK7WGF2.0 [54]. For
complementation of the mutant line in the Ws4 background, the
TAP-tagdestinationvectorpYL436[55]wasusedtotransformahk5-
3 plants. The transformants were selected on BASTA and
gentamycin and analysed by PCR. For the Col-0 mutant
complementation the P35S::GFP-AHK5 construct in pK7WGF2.0
was used to transform ahk5-1 plants. The transformants were
selected on BASTA and kanamycin and analysed by PCR as
described below. For the AHK5 overexpressor in Ws4 background,
LR reaction was used to clone the AHK5 cDNA under the control of
35S promoter into the destination vector pMDC32 [56]. All plant
transformations were carried out using Agrobacterium-mediated
transformation by floral dipping [57].
A four-step procedure was used to generate the PAHK5::GF-
P::AHK5 expression cassette. In step 1, a 7117 bp fragment
containing the 3.2 kb upstream promoter region of AHK5, the full
length genomic sequence of AHK5 and 217 bp of 39 region was
amplified from Col-0 genomic DNA by PCR using KOD Hot
Start DNA polymerase (Novagen, Germany) and the primers
AHK.FOR.-3205 (59-CACC-TCTAGACCCTACACGGGATA-
GATTATCG-39) and AHK.REV.+219 (59-TTTGTCGAC-
TCTGCTGGATTCGAATGGTGGG-39) and cloned into the
pENTRD/TOPO entry vector (Invitrogen, UK) to generate
pMKC101. The entire construct was verified by sequencing. In
step 2, a hybrid DNA fragment containing 643 bp upstream
promoter region of AHK5 from pMKC101 was joined to the GFP
sequence and AHK5 exon 1 sequence (from the P35S::GFP::AHK5
construct) by single joint PCR [58]. Briefly, in the 1st round PCR
stage, 2 separate PCR reactions were set up. In reaction 1, primer
1( 5 9-CCTTTTGCATCTCGAGACTTCATGATTAC-39) and
primer 2 (59-GGTGAACAGCTCCTCGCCCTTGCTCAC-
CATTTCACAGACCATTGATCAAGGTTTCTC-39) were
used to incorporate a XhoI restriction site (underlined in primer
1) and a 27 bp of the 59 end of GFP sequence (underlined in primer
2) onto the 59- and 39-ends of the 643 bp AHK5 promoter region,
respectively. In reaction 2, a fragment containing the entire GFP
sequence and AHK5 exon 1 was amplified using primer 3 (59-
ATGGTGAGCAAGGGCGAGGAGCTGTTCACC-39) and
primer 4 (59-GATGAGTCGAATTCAATAGGTTTGGTAA-
CC-39) from the P35S::GFP::AHK5 construct. Primer 4 contains
an EcoRI site (underlined). The products from the two reactions
were joined (via the 27 bp overlapping 59 GFP sequence common to
both PCR products) in the 2nd round PCR stage to generate a
hybrid DNA fragment. This fragment was then amplified with the
primers 1 and 4 in the 3rd round PCR stage. In step three, the
hybrid PCR product was digested with XhoI/EcoRI, and cloned
into an XhoI/EcoRI cut pMKC101 plasmid to create the
PAHK5::GFP::AHK5 cassette. The integrity of the hybrid DNA
fragment was verified by sequencing. Finally, step 4; the
PAHK5::GFP::AHK5 cassette was cloned into the Gateway destination
vector pMDC99 [56] using the LR reaction. This binary vector was
then transformed into the Agrobacterium tumefaciens strain GV3101,
and used in tobacco transient expression studies as described above.
For identification and characterisation of homozygous insertion
mutants, genomic DNA isolated from appropriate wild type and
mutant plants was used for PCR analysis, using various PCR
combinations and primers. T-DNA primers used were those
already described [29,30]. Individuals were chosen from homo-
zygote lines by selection on BASTA, Southern analysis confirmed
the presence of single T-DNA insertions in these lines and at least
3 generations were followed through to get a homozygote
population.
For RT-PCR, total RNA from corresponding tissues and
developmental stages of A. thaliana was isolated using RNAwiz
TM
(Ambion, UK) or TRIZOL reagent (Invitrogen, UK) and genomic
DNA was removed using TURBO DNA-free
TM (Ambion, UK).
RNA was isolated from guard cell-enriched epidermal fragments
and whole leaves as described previously [16]. Subsequently, 1.5
mg of total RNA was reverse transcribed using oligo-dT primer
with SuperScript
TM III Reverse Transcriptase (Invitrogen, UK)
and the resulting cDNA was used as template for the PCR with
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were separated via agarose gel electrophoresis after different
number of PCR cycles for comparison with ACTIN2 or EF1 as
described in [59]. The sequences of the primers shown in Figure 2
are in Supplementary data.
Transient transformation of tobacco leaf cells and
Arabidopsis protoplasts, GFP and RFP analyses
The p19 protein from tomato bushy stunt virus cloned in pBIN61
[60] was used to suppress gene silencing in tobacco (Nicotiana
benthamiana).Allplasmidsweretransformed inAgrobacteriumtumefaciens
strainGV3101 pMP90, which was grown inYEB medium to OD600
1.0 and prior to infiltration resuspended in AS medium (10 mM
MgCl2,1 5 0mM acetosyringone and 10 mM MES pH 5.7) to
OD600=0.8. The Agrobacterium strains containing the GFP or p19
construct were mixed in a 1:1 relationship and co-infiltrated into
leaves of 4-week-old tobacco plants as described in [60]. The abaxial
epidermis of infiltrated tobacco leaves was assayed for fluorescence
by CLSM (confocal laser-scanning microscopy) 2 to 3 days post
infiltration according to [61]. Arabidopsis protoplasts were trans-
formed using PEG mediated transformation procedure and assayed
for fluorescence by CLSM after 20 h [61]. CLSM was performed
using a Leica TCS SP2 confocal microscope (Leica Microsystems,
Germany). These CLSM images were obtained using the Leica
Confocal Software and the HCX PL APO 636/1.2 W CORR
water-immersion objective.
For recording the RFP and GFP intensity profiles a homemade
confocal laser-scanning microscope, based on a Zeiss Axiovert was
used [62,63]. The microscope was equipped with an avalanche
photodiode (APD, SPCM-AQR-14, Perkin Elmer, USA) as a
spectrally integrating detector. A pulsed 473 nm diode laser
(Picoquant LDH-P-C470) operating at a repetition rate of
10 MHz served as excitation source. Fluorescence intensity images
were obtained by raster scanning the sample and detecting
emission intensity for every spot on the sampled area. The setup
was equipped with a 480 nm long pass filter (Semrock Razor Edge
LP02-473RU-25) to block back-scattered excitation light, a
500 nm bandpass filter (Semrock BrightLine BL500/24) to detect
GFP-fluorescence and a 590 nm bandpass filter (Semrock FF01-
590/20-25) to detect RFP-fluorescence in front of the APD. The
processing of the obtained fluorescence intensity images was
accomplished with the WSxM software [64].
Protein extraction, cell fractionation, SDS-PAGE and
western blotting
For cell fractionation 100 mg tissue of transiently transformed
tobacco leafs were homogenised in liquid nitrogen and the
homogenate was extracted in 2 ml homogenization buffer (25 mM
MOPS, 0.1 mM MgCl2, 8 mM L-cysteine, 2.5 mM EDTA, 26
protease inhibitor mix (Roche),250 mM sucrose; pH 7.8). The crude
extract was cleared from debris by centrifugation (4000xg,4 0m i n ,
4uC). The microsomal fraction was separated from the soluble
fraction by ultracentrifugation (100,000xg,3 0 m i n ,4 uC).
The pellet was washed three times in homogenization buffer
supplemented with 0.05% Triton X-100 and resuspended in 50 ml
SDS-PAGEsamplebuffer.ThesolublefractionwasmixedwithSDS-
PAGE sample (ratio: 2:1 v/v). For SDS-PAGE 18 ml of the soluble
fraction and 10 ml of microsomal fraction were loaded. Western blot
analysis and immunodetection were performed according to [61]
using anti-GFP antibody (Roche, Switzerland) to detect GFP-AHK5,
BRI1-GFP, ERS1-GFP and ARR4-GFP. An anti-mouse-AP
conjugate (BioRad, UK) was used as secondary antibody.
Statistical analysis
All data from stomatal bioassays and fluorescence measurements
were statistically analysed by using Student’s t-test analysis. Data are
statistically significant (p,0.01) for all treated versus control
responses for wild type and complemented lines, and not significant
(p.0.01) for mutant treated (H2O2, ethephon, NO, darkness and
flg22) versus mutant controls, unless otherwise indicated.
Supporting Information
Figure S1 The NO insensitive stomatal closure response
phenotype of the ahk5-1 mutant is complemented by the 35S
promoter-driven expression of the AHK5 cDNA. Stomatal closure
in wild type Col-0, ahk5-1 mutant or ahk5-1 transformed with a
construct expressing GFP-AHK5 under the control of the 35S
promoter (P35S-AHK5/ahk5-1) in response to mock treatment
(white bars) or SNP (50 mM, black bars) for 2.5 h.
Found at: doi:10.1371/journal.pone.0002491.s001 (1.42 MB TIF)
Figure S2 Histidine kinase (HK) activity is required for NO-,
dark- and flg22-induced stomatal closure. Effect of the HK
inhibitor 3,39,49,5-tetrachlorosalicylanilide (TCSA) on stomatal
closure in wild type Arabidopsis (Col-0). Arabidopsis leaves were
incubated in stomatal opening buffer for 2.5 h followed by
treatment for 15 min with 10 mM of TCSA prior to exposure to
darkness, ethephon (eth, 100 mM), flg22 (100nM) or SNP (50 mM)
for 2.5 h. Control, buffer alone. Data are expressed as mean +/2
S.E. from 3 independent experiments (n=60 guard cells).
Found at: doi:10.1371/journal.pone.0002491.s002 (0.61 MB TIF)
Data S1
Found at: doi:10.1371/journal.pone.0002491.s003 (0.02 MB
DOC)
Acknowledgments
We acknowledge Arabidopsis Biological Resource Center, USA and
INRA-Versailles, France for the T-DNA lines used in this study and J
Mansfield (Imperial College London) for the bacteria and PAMPs.
Author Contributions
Conceived and designed the experiments: SN KH RD RH JH. Performed
the experiments: RD JH CC VM CG JW KE MC. Analyzed the data: KH
RD JH CC VM CG KE AM. Contributed reagents/materials/analysis
tools: AM. Wrote the paper: SN KH RD RH JH.
References
1. Apel K, Hirt H (2004) Reactive oxygen species: metabolism, oxidative stress, and
signal transduction. Annu. Rev Plant Biol 55: 373–399.
2. Neill S, Desikan R, Hancock J (2002) Hydrogen peroxide signalling. Curr Opin
Plant Biol 5: 388–395.
3. Desikan R, Hancock J, Neill S (2005b) Reactive oxygen species as signaling
molecules. In ‘‘Antioxidants and Reactive Oxygen Species in Plants’’ 169–196,
Smirnoff N, ed. Blackwell Publishing, UK.
4. Desikan R, Clarke A, Hancock JT, Neill SJ (1999) H2O2 activates a MAP kinase-
like enzyme in Arabidopsis thaliana suspension cultures. J Exp Bot 50: 1863–1866.
5. Desikan R, Hancock JT, Ichimura K, Shinozaki K, Neill SJ (2001) Harpin
induces activation of the Arabidopsis mitogen-activated protein kinases AtMPK4
and AtMPK6. Plant Physiol 126: 1579–1587.
6. Kovtun Y, Chiu W-L, Tena G, Sheen J (2000) Functional analysis of oxidative
stress-activated mitogen-activated protein kinase cascade in plants. Proc Natl
Acad Sci USA 97: 2940–2945.
7. Rentel MC, Lecorieux D, Ouaked F, Usher SL, Petersen L, et al. (2004) OXI1
kinase is necessary for oxidative burst-mediated signalling in Arabidopsis. Nature
427: 858–861.
AHK5 Function in Guard Cells
PLoS ONE | www.plosone.org 14 June 2008 | Volume 3 | Issue 6 | e24918. Gupta R, Luan S (2003) Redox control of protein tyrosine phosphatases and
mitogen activated protein kinases in plants. Plant Physiol 132: 1149–1152.
9. Meinhard M, Grill E (2001) Hydrogen peroxide is a regulator of ABI1, a protein
phosphatase 2C from Arabidopsis. FEBS Letts 508: 443–446.
10. Meinhard M, Rodriguez PL, Grill E (2002) The sensitivity of ABI2 to hydrogen
peroxide links the abscisic acid-response regulator to redox signalling. Planta
214: 775–782.
11. Gudesblat GE, Iusem ND, Morris PC (2007) Guard cell-specific inhibition of
Arabidopsis MPK3 expression causes abnormal stomatal responses to abscisic
acid and hydrogen peroxide. New Phytol 173: 713–721.
12. Mustilli A-C, Merlot S, Vavasseur A, Fenzi F, Giraudat J (2002) Arabidopsis
OST1 protein kinase mediates the regulation of stomatal aperture by abscisic
acid and acts upstream of reactive oxygen species production. Plant Cell 14:
3089–3099.
13. Kwak JM, Mori IC, Pei Z-M, Leonhardt N, Torres MA, et al. (2003) NADPH
oxidase AtrbohD and AtrbohF genes function in ROS-dependent ABA signaling in
Arabidopsis. EMBO J 22: 2623–2633.
14. Cooper CE, Patel RP, Brookes PS, Darley-Usmar VM (2002) Nanotransducers
in cellular redox signalling: modification of thiols by reactive oxygen and
nitrogen species. Trends Biochem Sci 27: 489–492.
15. Desikan R, Hancock JT, Bright J, Harrison J, Weir I, et al. (2005a) A role for
ETR1 in hydrogen peroxide signalling in stomatal guard cells. Plant Physiol 137:
831–834.
16. Desikan R, Last K, Harrett-Williams R, Tagliavia C, Harter K, et al. (2006)
Ethylene-induced stomatal closure in Arabidopsis occurs via AtrbohF-mediated
hydrogen peroxide synthesis. Plant J 47: 907–916.
17. Grefen C, Harter K (2004) Plant two-component systems: principles, functions,
complexity and cross talk. Planta 219: 733–742.
18. Hwang I, Chen H-C, Sheen J (2002) Two-component signal transduction
pathways in Arabidopsis. Plant Physiol 129: 500–515.
19. Sweere U, Eichenberg K, Lohrmann J, Mira-Rodado V, Ba ¨urle I, et al. (2001)
Interaction of the response regulator ARR4 with phytochrome B in modulating
red light signaling. Science 294: 1108–1111.
20. Mira-Rodado V, Sweere U, Grefen C, Kunkel T, Fejes E, et al. (2007)
Functional cross-talk between two-component and phytochrome B signal
transduction in Arabidopsis. J Exp Bot 58: 2595–2607.
21. Desikan R, A-H Mackerness S, Hancock JT, Neill SJ (2001b) Regulation of the
Arabidopsis transcriptome by oxidative stress. Plant Physiol 127: 159–172.
22. Kilian J, Whitehead D, Horak J, Wanke D, Weinl S, et al. (2007) The
AtGenExpress global stress expression data set: protocols, evaluation and model
data analysis of UV-B light, drought and cold stress responses. Plant J 50:
347–363.
23. Wang P-C, Du Y-Y, An G-Y, Zhou Y, Miao C, et al. (2006) Analysis of global
expression profiles of Arabidopsis genes under abscisic acid and H2O2
applications. J Int Plant Biol 48: 62–74.
24. Iwama A, Yamashino T, Tanaka Y, Sakakibara H, Kakimoto T, et al. (2007)
AHK5 His-kinase regulates root elongation through an ETR1-dependent
abscisic acid and ethylene signaling pathway in Arabidopsis thaliana. Plant Cell
Physiol 48: 375–380.
25. Grefen C, Sta ¨dele K, Ruzicka K, Obrdlik P, Harter K, et al. (2008) Subcellular
localization and in vivo interactions of the Arabidopsis thaliana ethylene receptor
family members. Molecular Plant 1: 308–320.
26. Geldner N, Hyman DL, Wang X, Schumacher K, Chory J (2007) Endosomal
signaling of plant steroid receptor kinase BRI1. Genes Develop. 21: 1598–1602.
27. Nelson BK, Cai X, Nebenfu ¨hr A (2007) A multicolored set of in vivo organelle
markers for co-localization studies in Arabidopsis and other plants. Plant J. 51:
1126–1136.
28. Schmid M, Davison TS, Henz SR, Pape UJ, Demar M, et al. (2005) A gene
expression map of Arabidopsis thaliana development. Nat Genetics 37: 501–506.
29. Samson F, Brunaud V, Balzergue S, Dubreucq B, Lepiniec L, et al. (2002)
FLAGdb/FST a database of mapped flanking insertion sites (FSTs) of
Arabidopsis thaliana T-DNA transformants. Nucleic Acids Res 30: 94–97.
30. Sessions A, Burke E, Presting G, Aux G, McElver J, et al. (2002) A high-
throughput Arabidopsis reverse genetics system. Plant Cell 14: 2985–94.
31. Papon N, Clastre M, Gantet M, Rideau M, Chenieux J-C, et al. (2003)
Inhibtiion of the plant cytokinin transduction pathway by bacterial histidine
kinase inhibitors in Catharantheus roseus cell cultures. FEBS Letts 537: 101–105.
32. Bright J, Desikan R, Hancock JT, Neill SJ (2006) ABA-induced NO generation
and stomatal closure in Arabidopsis are dependent on H2O2 synthesis. Plant J 45:
113–122.
33. Desikan R, Cheung M-K, Clarke A, Golding S, Sagi M, et al. (2004) Hydrogen
peroxide is a common signal for darkness and ABA-induced stomatal closure in
Pisum sativum. Functional Plant Biol 31: 913–920.
34. Felix G, Duran JD, Volko S, Boller T (1999) Plants have a sensitive perception
system for the most conserved domain of bacterial flagellin. Plant J 18: 265–276.
35. Zhang J, Shao F, Li Y, Cui H, Chen L, et al. (2007) A Pseudomonas syringae
effector inactivates MAPKs to suppress PAMP-induced immunity in plants. Cell
Host Micr 1: 175–185.
36. Melotto M, Underwood W, Koczan J, Nomura K, He SY (2006) Plant stomata
function in innate immunity against bacterial invasion. Cell 126: 969–980.
37. Zipfel C, Kunze G, Chinchilla D, Caniard A, Jones JDG, et al. (2006)
Perception of the bacterial PAMP EF-Tu by the receptor EFR restricts
Agrobacterium-mediated transformation. Cell 125: 749–760.
38. Gomez-Gomez L, Boller T (2002) Flagellin perception: a paradigm for innate
immunity. Trends Plant Sci 7: 251–256.
39. Bright J (2006) Nitric oxide signalling in Arabidopsis thaliana guard cells. PhD
thesis. .
40. Plesch G, Ehrhardt T, Mueller-Roeber B (2001) Involvement of TAAAG
elements suggests a role for Dof transcription factors in guard cell specific gene
expression. Plant J 28: 455–464.
41. Yang Y, Costa A, Leonhardt N, Siegel RS, Schroeder JI (2008) Isolation of a
strong Arabidopsis guard cell promoter and its potential as a research tool. Plant
Methods 4: 6.
42. Leymarie J, Vavasseur A, Lasceve G (1998) CO2 sensing in stomata of abi1-1
and abi2-1 mutants of Arabidopsis thaliana. Plant Physiol Biochem 36: 539–543.
43. Hosy E, Vavasseur A, Mouline K, Dreyer I, Gaymard F, et al. (2003) The
Arabidopsis outward K
+ channel GORK is involved in regulation of stomatal
movements and plant transpiration. Proc Natl Acad Sci USA 100: 5549–5554.
44. Liang Y-K, Dubos C, Dodd IC, Holroyd GH, Hetherington AM, et al. (2005)
AtMYB61, an R2R3-MYB transcription factor controlling stomatal aperture in
Arabidopsis thaliana. Curr Biol 15: 1201–1206.
45. Bittel P, Robatzek S (2007) Microbe-associated molecular patterns (MAMPs)
probe plant immunity. Curr Opin Plant Biol 10: 335–341.
46. Robatzek A, Chinchilla D, Boller T (2006) Ligand-induced endocytosis of the
pattern recognition receptor FLS2 in Arabidopsis. Genes Dev 20: 537–542.
47. Chinchilla D, Zipfel C, Robatzek S, Kemmerling B, Nurnberger T, et al. (2007)
A flagellin-induced complex of the receptor FLS2 and BAK1 initiates plant
defence. Nature 448: 497–501.
48. Heese A, Hann D, Gimenez-Ibanez S, Jones AME, He K, et al. (2007) The
receptor-like kinase SERK3/BAK1 is a central regulator of innate immunity in
plants. Proc Natl Acad Sci USA 104: 12217–12222.
49. Keller T, Damude HG, Werner D, Doerner P, Dixon RA, et al. (1998) A plant
homolog of the neutrophil NADPH oxidase gp91-phox subunit gene encodes a
plasma membrane protein with Ca
2+ binding motifs. Plant Cell 10: 255–266.
50. Chen Y-F, Randlett MD, Findell JL, Schaller GE (2002) Localisation of the
ethylene receptor ETR1 to the endoplasmic reticulum of Arabidopsis. J Biol
Chem 27: 19861–19866.
51. Gomez-Gomez L, Boller T (2000) FLS2: an LRR receptor-like kinase involved
in the perception of the bacterial elicitor flagellin in Arabidopsis. Mol Cell 5:
1003–1011.
52. Miao Y, Lv D, Wang P, Wang X-C, Chen J, et al. (2006) An Arabidopsis
glutathione peroxidase functions as both a redox transducer and a scavenger in
abscisic acid and drought stress responses. Plant Cell 18: 2749–2767.
53. Fujita M, Fujita Y, Noutoshi Y, Takahashi F, Narusaka Y, et al. (2006) Crosstalk
between abiotic and biotic stress responses: a current view from the points of
convergence in the stress signalling networks. Curr Opin Plant Biol 9: 436–442.
54. Karimi M, Inze D, Depicker A (2002) GATEWAY vectors for Agrobacterium-
mediated plant transformation. Trends Plant Sci 7: 193–195.
55. Rubio V, Shen Y, Saijo Y, Liu Y, Gusmaroli G, et al. (2005) An alternative
tandem affinity purification strategy applied to Arabidopsis protein complex
isolation. Plant J 41: 767–778.
56. Curtis MD, Grossniklaus U (2003) A Gateway cloning vector for high-
throughput functional analysis of genes in planta. Plant Physiol 133: 462–469.
57. Clough SJ, Bent AF (1998) Floral dip: a simplified method for Agrobacterium-
mediated transformation of Arabidopsis thaliana. Plant J 16: 735–743.
58. Yu J-H, Hamari Z, Han K-H, Seo J-A, Reyes-Dominguez Y, et al. (2004)
Double-joint PCR: a PCR-based tool for gene manipulations in filamentous
fungi. Fungal Genetics and Biol 41: 973–981.
59. Hora ´k J, Brzobohaty ´ B, Lexa M (2003) Molecular and physiological
characterisation of an insertion mutant in the ARR21 putative response
regulator gene from Arabidopsis thaliana. Plant Biol 5: 245–254.
60. Voinnet O, Lederer C, Baulcombe DC (2000) A viral movement protein
prevents spread of the gene silencing signal in Nicotiana benthamiana. Cell 103:
157–67.
61. Walter M, Chaban C, Schu ¨tze K, Batistic O, Weckermann K, et al. (2004)
Visualization of protein interactions in living plant cells using bimolecular
fluorescence complementation. Plant J 40: 428–438.
62. Blum C, Stracke F, Becker S, Mu ¨llen K, Meixner AJ (2001) Discrimination and
interpretation of spectral phenomena by room-temperature single-molecule
spectroscopy. J Phys Chem A 105: 6983–6990.
63. Schleifenbaum F, Blum C, Elgass K, Subramanian V, Meixner AJ (2008) New
insights into the photophysics of DsRed by multiparameter spectroscopy on
single proteins. J Phys Chem B in press. .
64. Horcas I, Fernandez R, Gomez-Rodriguez JM, Colchero J, Gomez-Herrero J, et
al. (2007) WSXM: A software for scanning probe microscopy and a tool for
nanotechnology. Rev Sci Instrum 78: 013705.
AHK5 Function in Guard Cells
PLoS ONE | www.plosone.org 15 June 2008 | Volume 3 | Issue 6 | e2491